The dissociative chemisorption of molecular nitrogen on clean lanthanide surfaces at ambient temperature and low pressure is explored. In-situ conductance measurements track the conversion from the lanthanide metals to the insulating lanthanide nitrides. A small partial pressure of oxygen (∼10 −8 mbar) is shown to inhibit the nitridation of lanthanides at 1 × 10 −4 mbar of N 2 .
INTRODUCTION
Breaking molecular nitrogen N 2 into more useful forms, i.e. nitrogen fixation, is a challenge of paramount scientific and urgent industrial importance [1] [2] [3] . Within this context the search for routes to a facile and efficient breaking of N 2 and a potential energy-efficient ammonia (NH 3 ) synthesis at ambient temperature are among the most elusive challenges in the chemical sciences [3] [4] [5] . The recent discovery that a single and simple surface of lanthanide (L) metal can break molecular nitrogen at room temperature and under pressure much lower than one atmosphere is a premium advance in the field of catalytic reaction and ammonia synthesis [6] .
In this brief article we report in-situ monitoring of room temperature reaction of ultra-pure lanthanide surfaces with nitrogen under high vacuum, typically lower than 1 × 10 −7 atmospheric pressure. A cornerstone of our monitoring programme is that the mild conditions of the catalytic process, low temperature and high vacuum, allow continuous monitoring of the physicochemical processes taking place in real time during the course of the reaction by means of electrical conductivity measurements. The lanthanide nitrides (LN) form a narrow-gap insulating (semiconductor) NaCl structure with a conductivity that contrasts by many orders of magnitude with the lanthanide metals [6, 7] . Within that scenario the in-plane conductivity of a reacting film is such that the LN fraction has negligible conductance in comparison with the remaining metal, so that to first order a reacted layer of thickness δ reduces the conductance by the ratio of δ/D, for D the initial film thickness.
The conductivity results will be displayed in terms of that equivalent reacted depth δ. We, then, show the effect of residual oxygen on the molecular nitrogen lanthanide reaction. The rate of nitridation as a function of nitrogen pressure is measured for a series of lanthanide elements. Finally, we show that experimental exposure of the lanthanide surfaces to both N 2 and H 2 results in the formation of NH 3 .
EXPERIMENTAL DETAILS
Thin films of lanthanide elements were formed via electron-beam physical vapor deposition in an ultra-high vacuum chamber with a base pressure of <1 × 10 −8 mbar. Sapphire (Al 2 O 3 ) (0 0 0 1) substrates were held at ambient temperature, in which case the polycrys- talline lanthanide films grow preferentially with the hexagonal close-packed net lying in plane; the c-axis of the metallic lanthanide was aligned along the film normal. The lanthanide sources (praseodymium (Pr), gadolinium (Gd), terbium (Tb), dysprosium (Dy), ytterbium (Yb)) had purities of 3N/4N. Electrical feedthroughs permitted in-situ measurement of the in-plane electrical conductance during and after the deposition of a metal film and a quadrupole mass spectrometer was available for analysing the residual gas composition. Molecular nitrogen N 2 and hydrogen H 2 were introduced through separate mass flow controllers to provide working pressures between 10 −6 mbar to 10 −4 mbar. All measurements were performed at room temperature without heating of the coated surfaces inside the chamber.
As a first step we report that the N 2 reaction is retarded by a low concentration of O 2 . of magnitude smaller than the N 2 pressure, is observed to limit the reaction with N 2 . The sequence (i) rapid drop, (ii) pause, followed by (iii) a resumption of the reaction, was a feature sometimes seen also in earlier studies. [6] When nitridation is performed with no residual oxygen (detection limit <1 × 10 −10 mbar), a much stronger drop in conductance is observed in the first tens of seconds after being exposed to N 2 . The final drop in conductance with and without O 2 remains similar, corresponding to 2.5 nm and 3.0 nm for Tb and Gd, respectively, after 20 minutes. Fig. 2 shows the nitridation of Pr, Dy, Tb and Gd thin films as measured by a drop in conductance with no O 2 present. For comparison we show the absence of the reaction in Yb exposed to N 2 , which has been identified, along with Eu, as not reacting with unactivated N 2 [8] [9] [10] .
The long-term evolution of the reacted depth seen in Fig. 2 reflects the diffusion rate of N ions after they enter the lattice, which is clearly similar among the lanthanides. However, it is clear even at the poor resolution that there are differing initial rates, which reflect their differing reaction rates at a pure lanthanide surface. Those rates correspond to 0.1, 0.3, 0.25 and 0.15 nm/s for the lanthanides of increasing nuclear charge: Pr, Gd, Tb, and Dy, respectively.
We have reported earlier a partial recovery of the conductivity when the N 2 pressure was reduced, indicating a release of nitrogen near-surface layer; indeed it is that observation which suggests the potential for films' use as a catalyst. We thus have investigated a catalytic reaction by monitoring the presence of NH 3 upon introduction of H 2 following the nitridation reaction. Films of GdN were firstly exposed to N 2 as described above, and the chamber briefly evacuated before introducing 3 × 10 −4 mbar of H 2 . Fig. 3 shows the subsequent partial pressure of NH 3 as recorded by the quadrupole mass spectrometer. As the H 2 is introduced, an NH 3 partial pressure 4 × 10 −7 mbar is detected, dropping to 5 × 10 −8 mbar after 10 min, and finally to 1 × 10 −8 mbar after more than 30 minutes. Interestingly the time scale for the reductions correspond well to the times noted above for initial consumption of nitrogen and the subsequent diffusing in the GdN network. Clearly N chemisorbed to the Gd surface coating inside the deposition chamber is able to react with the impinging H 2 and be released into the vacuum chamber. In contrast, Yb exposed to N 2 shows a NH 3 partial pressure of 2 × 10 −8 mbar, close to the baseline of detection via the mass spectrometer. The catalytic activity is seen in the figure to be missing following the same procedure with Yb, which is seen above (or in our previous paper) not to react with N 2 .
It should be noted that the baseline detection of ∼10 −8 mbar of NH 3 is seen when N 2 and H 2 are simultaneously present in the chamber, possibly due to a reaction within the ionization chamber of the mass spectrometer. However this is still more than an order of magnitude lower than the ammonia level detected during the catalytic reaction with Gd. Furthermore, the catalytic reaction takes place over the entire coated surface inside the chamber, complicating quantitative analysis of the reaction characteristics from these measurements.
CONCLUSIONS
We have explored the dissociative chemisorption reaction of N 2 and H 2 with clean surfaces of lanthanide elements at ambient temperature and low pressures. The conversion of the lanthanide metal surface to the insulating nitride is traced using in situ conductance measurements during exposure to unactivated N 2 gas. It is observed that a small O 2 concentration can inhibit the rate of reaction of the lanthanide with N 2 . The chemisorbed N is able to be released from Gd/GdN surfaces exposed to H 2 in the form of NH 3 as measured by mass spectrometry, also at room temperature.
